Intestinal absorption of vitamin D-3 in physiological concentrations was studied in the live unanaesthetised rat. In both the jejunum and the ileum a linear relationship was found between the absorption rate of the vitamin and its intraluminal concentration. Increasing the sodium taurocholate concentration in the perfusate above 5 mM did not change ileal absorption rate but did decrease jejunal absorption rate. The vitamin's rate of absorption was raised by increases in either the hydrogen ion concentration or the perfusate's flow rate. Addition of 2-5 mM fatty acids of varying chain length and degrees of saturation resulted in a decrease in the rate of vitamin D-3 absorption. These experiments indicate that vitamin D-3 absorption in vivo is mediated by passive diffusion. The rate of absorption of the vitamin is influenced by the composition of the perfusate and the thickness of the unstirred layer.
Vitamin D is a lipid-soluble micronutrient which plays a pivotal role in the regulation of calcium absorption by the small bowel and calcium metabolism in bone. Everted rat gut sacs have been used to investigate the kinetics of the gastrointestinal tract's initial uptake of vitamin D-3 which was found to be absorbed by a nonsaturable passive diffusion process without requirements for energy or carrier mediation (Hollander, 1976) . Absorption experiments which utilise everted gut sacs in vitro have definite technical limitations and the conclusions that are drawn from these experiments should be interpreted with caution (Smyth, 1974) . The purpose of the present series of experiments was to study in vivo the absorption of physiological concentrations of vitamin D-3 in the restrained unanaesthetised rat. Proximal jejunal and distal ileal small intestinal loops were perfused and the absorption of vitamin D-3 was studied by varying the perfusate's flow rate, pH, and concentrations of either the vitamin or bile salts and by adding fatty acids to the perfusate. and the perfusate solution was added to the homogeniser and mixed with the vitamin. The resultant micellar solution remained optically clear for 24 hours at 20°C. In order to test the distribution of radioactive vitamin D-3 between the micellar and free monomeric forms of the vitamin, the final perfusate was passed through a UM-2 filter (Amicon Corporation, Lexington, MA). As less than 3 % of the total radioactivity passed through the filter it was concluded that most of the vitamin was solubilised within the micellar particles. The final osmolality (Hendry, 1961) of the perfusate varied between 290 and 310 mOsm/l. At the completion of experiments the pH of the perfusate varied from 7-21-7-34. All work was performed in a partially darkened room in order to minimise exposure of the vitamin to ultra-violet radiation, which can change the vitamin's structure (Morton, 1970 (Miller and Schedl, 1970) , to the perfusate, which did not contain radioactive vitamin D-3. Less than 5% net fluid absorption was found to take place during the 55 minutes of perfusion. Therefore, in this communication, no correction for fluid shifts was done.
Radioactivity determinations
The aliquots of intestinal perfusate were placed directly into scintillation counting vials which contained a dioxane based scintillation solution (Hollander and Truscott, 1974) . The radioactivity was measured in a Beckman LS 250 liquid scintillation counter with automatic quench calibration at ambient temperature. Counts were carried to a maximal counting error of 1%.
Statistical calculations
The data were analysed by the use of Student's t test (Kramer, 1966) , regression analysis (Draper and Smith, 1966) , and analysis of variance (F-test) (Sokal and Rohlf, 1969) .
Results

ABSORPTION KINETICS
The rate of vitamin D-3 absorption was tested at perfusate concentrations of 14-600 nM. Individual experiments at each concentration were analysed by a linear regression plot of absorption versus time with the value of the slope taken as the mean rate of absorption. Experiments were rejected if analysis of the slope resulted in r < 0 95 and P > 0-05 (Draper and Smith, 1966) . Absorption rate of vitamin D-3 remained linear with its perfusate concentration in the present studies ( Figure) . Analysis of variance (Sokal and Rohlf, 1969) (Carey and Small, 1970 (C18:1) and linoleic (C18:2), caused a significant decrease in the absorption rate of vitamin D-3 by both proximal and distal small bowel segments (Table 3) .
EFFECT OF PERFUSION RATE ON VITAMIN D-3 ABSORPTION
As the perfusion rate was increased in a stepwise fashion from 0-5 to 10 ml/min both proximal and distal small bowel segments showed a significant increase in their rate of vitamin D-3 absorption (Table 4) . 52-7 2-2 < 005 53-2 ± 4-7 < 005 Octanoic 6 41-2 2-3 < 0-01 47-9 3-8 < 001 Oleic 9 41-8 ± 11 < 001 39-6 1-6 < 0-01 Linoleic 6 40 5 ± 17 < 0 01 37-2 1-4 < 0-01
Mean ± SE absorption rate based on five experimental observations per animal. The perfusate contained 500 nM vitamin D-3, and 10 mM sodium taurocholate in the phosphate buffer with 2 5 mM amounts of the fatty acids. Absorption rate of the vitamin in the presence of fatty acids was compared to absorption rate of the vitamin in the presence of sodium taurocholate only using Student's t test and analysis of variance.
Discussion
The linear relationship between vitamin D-3 absorption and its concentration in the perfusate ( Figure) supports the hypothesis derived from in vitro experiments that absorption of vitamin D-3 is mediated by a passive, nonsaturable diffusion mechanism without evidence for energy dependence or carrier mediation (Hollander, 1976) . In the present series of experiments, the highest (Simmonds, 1974) , the influence of higher sodium taurocholate concentrations would be to decrease the vitamin's rate of absorption. Why the distal ileum's response to higher sodium taurocholate concentrations is not similar to the jejunum's is not clear. Perhaps, the distal ileum-the site of the small bowel's most rapid and active absorption of sodium taurocholate-absorbs the compound sufficiently rapidly to minimise the initial differences in its concentration in the perfusate after the first 30 minutes of equilibration. Therefore, the influence of the higher bile salt concentrations on the distal ileum and its absorption of vitamin D-3 would be less than their influence on the jejunum, which is not the site of rapid, active absorption of sodium taurocholate.
Increasing the hydrogen ion concentration in the perfusate raised the rate of absorption of vitamin D-3 by both the proximal and distal small intestinal segments ( Table 2 ). The influence of the hydrogen ion concentration upon the micelle and the absorptive cell membrane, rather than its influence on the solubility of sodium taurocholate or vitamin D-3, probably accounts for the changes in vitamin D-3 absorption. In this series of experiments the alteration in the hydrogen ion concentrations (pH 5-3 to the solubility of sodium taurocholate, which has a pKa of 1-8 (Carey and Small, 1970) . On the other hand, varying the hydrogen ion concentration could cause changes in the surface charge of the micelle (Carey and Small, 1970 ) and the absorptive cell membrane (Schultz, 1974) , both of which are negatively charged. An increase in the hydrogen ion concentration in the perfusate would reduce the negative charge of both the micelle and the luminal cell membrane and, hence, would decrease the resistance to diffusion of the micelles (Kruyt, 1952) towards the cell membrane. The intraluminal hydrogen ion concentration has been found to influence similarly the rate of absorption of another insoluble, non-swelling amphiphile, vitamin K-1 . As vitamin K-1 and vitamin D-3 have different chemical structures but were similarly affected by variations in the hydrogen ion concentration, the pH-induced changes in vitamin D-3 absorption are less likely to be caused by hydrogen ion interactions with the vitamin itself than by changes in the micellar and membrane charges themselves. The addition of fatty acids to the infusate decreased the rate of vitamin D-3 absorption (Table 3 ). The mechanism responsible for the effect of short and medium chain fatty acids on vitamin D-3 uptake is not apparent. Butyric and octanoic acids would not be expected to alter the structure of the micelle itself as both fatty acids are water soluble and do not require micellar formation for their absorption (Jackson, 1974) . Unlike long chain fatty acids and vitamin D-3, the short and medium chain fatty acids are transported out of the intestine into the portal circulation rather than into the lymphatic circulation (Bloom et al., 1951) . Therefore, these fatty acids would not interact with vitamin D-3 at its exit out of the enterocyte or its entry into the vascular or lymphatic circulation. The site of interaction between the long chain fatty acids and vitamin D-3 is probably the micellar structure itself. The long chain oleic and linoleic acids are known to require micellar solubilisation for absorption. When added to bile salt solutions, they expand and increase the micellar size (Carey and Small, 1970) . Hence, it is likely that the long chain fatty acids hinder vitamin D-3 absorption by causing enlargement of the micellar particles, thereby slowing their diffusion rate towards the absorptive cell membrane. In vivo studies of vitamins K-1 and A-1 absorption also showed a decrease in their absorptive rate when linoleic acid was added to the intestinal perfusate . Thompson et al. (1969) found that vitamin D-3 removal rate from the luminal perfusate did not change when 9-6 mM linoleic acid and 4-8 mM mono-oleate were added to a 20 mM sodium taurocholate solution. However, the small intestinal wall contained less vitamin D-3 at the conclusion of the experiments when the luminal perfusate did contain linoleic acid and mono-oleate. The discrepancies between their experimental findings and ours may be due to differences in the composition of the luminal perfusate. Their perfusate contained twice the amount of sodium taurocholate and six times more lipid than the perfusate used in the present experiments. Sodium taurocholate in the concentrations used in their experiments (20 mM) has been demonstrated to inhibit water transport by the rat jejunum in vivo (Saunders, 1975) and to increase extrusion of fatty acids into the lymph (Clark et al., 1969) . Thus, the differences in the bile acid concentration and fatty acid concentrations in the perfusate may have caused the discrepancy in the absorption rate of vitamin D-3 between the present experiments and the experiments reported by Thompson et al. (1969) .
The unstirred water layer, a known barrier to lipid diffusion, can limit the absorptive rate of a lipid if the absorptive lipid's diffusion through the cell membrane is faster than its diffusion through the unstirred layer itself (Westergaard and Dietschy, 1974) . In order to determine the influence of the thickness of the unstirred water layer on the absorption rate of vitamin D-3 in vivo, the thickness of the unstirred water layer was diminished progressively by increasing the perfusate flow rate (Lewis and Fordtran, 1975 ) from 0(5 ml to 10 ml/min (Table 4) . As the rate of perfusion was increased a progressive increase in the absorption rate of vitamin D-3 by both the proximal and distal small bowel was noted (Table 4) . These experiments indicate that the unstirred water layer is a rate-limiting step in the absorptive pathway of vitamin D-3.
The concepts which are derived from these experiments broaden our understanding of the absorptive process of vitamin D-3 in particular and of lipid-soluble compounds in general. As vitamin D-3 and cholesterol are similar structurally (Fraser and Kodicek, 1968) , some of the information gained from the present studies may be relevant to cholesterol absorption mechanisms as well. 
